Introduction: The spleen is hypothesized to play a role in the autonomic nervous system
Introduction
The autonomic nervous system (ANS) has an acknowledged role in host defence [1] . Nerves are located in the perivascular adventitia of immune organs and, in addition, are found in juxtaposition to the cellular mediators of both innate and adaptive immunity [2] . The spleen is hypothesized to play a role in the ANS-mediated control of host defence [3] , but the neuroanatomical evidence for this assumption rests upon a sparse number of studies with mutually divergent claims. Some argue that the spleen lacks vagal or cholinergic innervation [4] [5] [6] [7] [8] [9] [10] [11] , whereas others state that the spleen does receive such innervation [12] [13] [14] . Most of these studies were based on nerve tracing techniques. Since vascular branches to stomach, pancreas and greater omentum also originate from the distal end of the splenic artery (see Figure 1 ), this technique may not always identify the injection site accurately and may include perivascular adventitial branches of the vagus nerve [15] . The few studies that were performed in humans also produced contradictory data. Electron-microscopic analysis of splenic biopsies and fetal immunohistochemical studies only demonstrated catecholaminergic nerve fibres that accompanied the peripheral branches of the splenic artery [16, 17] . Another study confirmed the presence of catecholaminergic nerves within the spleen, but also found cholinergic nerve fibres around the trabecular arteries upon staining for the presence of acetylcholinesterase [18] .
Difficulties in establishing the innervation of the human spleen arise from the variable branching pattern of splenic arteries within in the large splenic hilum [19] [20] [21] [22] . We, therefore, conducted a histological study of the innervation of the human spleen using a complete hilum-embedding approach to ensure that only nerves that entered or left the spleen were studied and that all splenic nerves were included in the sampled area. We used PGP-9.5 and S-100 to identify nerves and partially characterized the neurochemical nature of these nerves by staining for the presence of the cholinergic markers choline acetyltransferase (ChAT) and acetylcholinesterase (AChE), the catecholaminergic markers tyrosine hydroxylase (TH) and dopamine ß-hydroxylase (DBH), and vasoactive intestinal peptide (VIP). The main finding of our study was that all splenic nerves arise from the plexus surrounding the splenic artery, are catecholaminergic, and continue inside the spleen within the adventitia of the intrasplenic arteries and arterioles.
Methods

Harvesting of splenic tissue
Spleens were harvested from forty-six formalin-fixed (42), fresh-frozen (3) or non-fixed, nonfrozen (4h post-mortem (1)) cadavers between 58 and 101 ( = 84 ± 11) years of age from the body donation program of the Department of Anatomy and Embryology, Faculty of Health, Medicine and Life Sciences, Maastricht University, Maastricht, The Netherlands. The tissue donors gave their informed and written consent for the donation of their body for teaching or research purposes as regulated by the Dutch law for the use of human remains for scientific research and education (Wet op de Lijkbezorging, 1991). Accordingly, a handwritten and signed codicil from the donor posed when still alive and well, is kept at the Department of Anatomy and Embryology of Maastricht University. Formalin-fixed bodies were preserved by intra-arterial infusion with 10L fixative (composition (v/v): 96% ethanol (21%), 100% glycerol (21%), 36% formaldehyde (2%), water (56%), and 2.4 g/L thymol), followed by 4 weeks of fixation in 96% ethanol (20%), 36% formaldehyde (2%) and water (78%). Samples were only taken from bodies without signs of previous abdominal surgical interventions. After opening the abdomen, the spleen was removed together with its mesenteries (i.e. presplenic, gastrosplenic, phrenicosplenic, splenocolic, pancreaticosplenic (or tip of pancreas tail itself) and splenorenal folds). Both the mass of the spleen and its mesenteries were then trimmed away to such an extent that the hilum was retained in its original intact state (Fig. 1) . These blocks were embedded in paraffin or frozen to prepare cryosections.
Histological processing
Sections were mounted onto large glass slides (76 x 52 mm). The complete hila sections were fitted on a single glass slide for 20 spleens. The remaining hila were divided and mounted on consecutive glass slides. Serial transverse sections, 5 µm thick for paraffin or 14 µm thick for cryosections, were prepared throughout the hilum with a Leica 2245 microtome. For general examination, tissues were stained with haematoxylin & eosin (HE).
Weigert van Gieson (WvG) staining was used for the detection of connective tissue.
Antibodies against S100 protein (S100) and protein gene product 9.5 (PGP 9.5) were used as general neural markers. S100 protein identifies nerve-supporting tissue [23] , while PGP 9.5 is a ubiquitin C-terminal hydroxylase, that specifically stains nerve axoplasm [24] . For the specific identification of catecholaminergic neurons, antibodies against tyrosine hydroxylase (TH) and dopamine ß-hydroxylase (DBH) (the rate-determining enzymes for dopamine and noradrenaline synthesis, respectively) were used. For the detection of cholinergic innervation, both enzyme-histochemical staining (based on Karnovsky's and Roots' acetylcholinesterase (AChE) method [25] with iso-octamethylpyrophosphoramide for inhibition of butyrylcholinesterase) was performed, and immunohistochemical staining using antibodies against choline acetyltransferase (ChAT). Furthermore, immunohistochemical staining for vasoactive polypeptide (VIP), a neurotransmitter that is frequently co-expressed with acetylcholine [26] , was carried out. Specific attention was given to the combined staining of S100 and PGP 9.5 with other neural markers. CD31, CD45 and CD68 were used for the detection of endothelium, leukocytes and macrophages, respectively. Sections for control incubations (sweat glands, skin and ileum) were obtained from the same cadavers and were processed histologically as described for the splenic tissue, ensuring that negative results cannot to be attributed to methodological issues. Table 1 provides details about dilutions, sources, and characteristics of the antisera and enzymes used. Two persons independently determined whether staining exceeded background levels using a Leica DM4 microscope.
3-D Reconstruction of splenic nerves
Two spleens were embedded completely including their splenorenal and splenogastric folds and mounted on single glass slides. One of these spleens was used for preparing a 3D reconstruction of the hilar nerve plexus. Serial transverse sections (5 µm) were made every 200 µm through this intact spleen. For the 3D reconstruction, complete images of selected large slides were digitized with an Olympus BX61 microscope and the DOTSLIDE program (Olympus, Leiderdorp, The Netherlands), which allows fully automated, high-resolution scanning of entire slides. AMIRA software (version 5.5; base package; FEI Visualization Sciences Group Europe, Mérignac Cédex, France) was used to generate 3D reconstructions after image loading, alignment and segmentation [27] .
Results
Nerves entered the spleen within the vascular adventitia via the hilum. No vessels or nerves were seen to enter the spleen outside its mesentery (i.e. through the capsule). Inside the spleen, nerves surrounded the trabecular arteries and their branches, the central arteries ( Fig. 2 ), and could be followed up to the arteriolar level. Nerves that were not associated with periadventitial tissue were not encountered within the white or red pulpa (Fig. 3 ).
Abundant TH-and DBH-positive staining was observed within all nerves, that is, structures that stained for the presence of both PGP 9.5 and S100 (Fig. 2) . Importantly, although nonneural positive ChAT staining of spleen macrophages was observed ( Fig. 4 and supplemental Fig. 1 ), ChAT-or AChE-positive neurons were never seen, irrespective of whether formalin-fixed, fresh-frozen post-fixed, or fresh-frozen cryo-slides were used ( Fig.   2 ). Nerves in human axillary sweat glands and skin, on the other hand, did stain positive for ChAT-or AChE (Figs. 5,6). Furthermore, although classic parasympathetic nerves usually synapse on their postganglionic nerves close to or within organs [28] , no (postganglionic) nerve cell bodies were encountered within or close to the spleen. VIP is often observed in postganglionic parasympathetic nerves [26] , but VIP-positive staining was never observed ( Fig. 2 ; positive control shown in supplemental Fig. 2) . Care was taken to differentiate S100 staining of macrophages from that of neurons by comparing its staining pattern with that of the second pan-neural marker PGP 9.5. A more limited distribution of PGP 9.5 staining of nerves compared to the S100 distribution, however, existed, because of its characteristic restriction to the thin axoplasm (Fig. 7) .
From one completely embedded spleen, a reconstruction of the S-100-positive (hilar) nerves was made ( Fig. 8 and Supplemental Fig. 3 ). This reconstruction demonstrates that all nerves entered via the splenic hilum, including those innervating the hilar poles. Furthermore, we found isolated perivascular nerves in the connective tissue of the mesentery that appeared to approach the spleen, but turned away towards the adjacent mesenteries and organs ( Figure 1C ) instead of entering the spleen.
Discussion
In this study, we demonstrated that all nerves innervating the spleen are present in the plexus surrounding the branches of the splenic artery. We observed catecholaminergic nerves entering the splenic parenchyma in the adventitia of the trabecular arteries, white pulpal central arteries and red pulpal arterioles, but found no enzymatic or immunohistochemical evidence for the presence of cholinergic innervation.
Methodological considerations
We characterized splenic innervation histologically, using a complete hilum-embedding approach and 3D reconstruction. We used this comprehensive approach, because the spleen possesses a complex anatomical architecture without consistent segmental arterial (and nerve) supply [19] [20] [21] [22] , and vascular branches to stomach, pancreas and greater omentum also stem from the distal end of the splenic artery.
Because of the relatively long time interval between death and fixation, the use of cadavers is suboptimal to underscore a negative finding based on the detection of intact and still functional proteins. For this reason, we included, in addition to the standard formalin fixation of the bodies (fixed <24h post mortem), non-fixed frozen (<24h post mortem) and 4h-postmortem non-fixed, non-frozen specimens in our analysis. Irrespective of the type of preservation (formalin-fixed, fresh-frozen, or non-fixed, non-frozen), fixation (fixed before embedding or after sectioning (cryoslides) or staining techniques used (enzymehistochemical and immunohistochemical), the outcome of the analyses did not change, in agreement with earlier studies [16, 17] .
The age of the cadavers in this study ranged from 58 to 101 years, with two-thirds between 73 and 95 years of age. It has been reported in rats that ageing is associated with a reduction in the density of intrasplenic noradrenergic nerves [30, 31] . However, this decline in noradrenergic nerve density is strain-dependent [31] and already present at midlife without further decline later in life in at least some rat strains [32] . Furthermore, the same group was unable to demonstrate cholinergic innervation in young adult rat spleens [8] .
Since we did observe catecholaminergic innervation in all our samples, a direct effect of age on our conclusions seems unlikely. The effects of ageing on lymphoid-organ innervation do show, nevertheless, that validation in young adult subjects is important.
Our strategy to search and characterize splenic innervation was based on identifying catecholaminergic and cholinergic nerves that enter the spleen by their co-expression of the neural markers S-100 and PGP 9.5, since non-axonal cholinergic, catecholaminergic and VIP-ergic staining has been observed in the gastrointestinal tract, spleen and testis by us and others [14, [33] [34] [35] . We required the co-expression of two pan-neural markers, since the periarterial lymphatic sheath [36] , interdigitating reticulum cells [37] and macrophages [17] in the spleen show immunoreactivity with S-100, as we also observed in the present study.
Although some reports claim that PGP 9.5 does not stain all nerves [38] , its main limitation in our hands was that it only stained the thin axoplasm of nerves. Although we did find macrophages expressing choline-acetyltransferase (which does fit in the theory of the inflammatory reflex [39] ), our findings underscore the few reports on human splenic innervation [16] [17] [18] that failed to find evidence for cholinergic innervation, despite using validated histological techniques. Since VIP is a frequently co-expressed peptide in cholinergic nerves and often used to identify cholinergic nerves [26] and since VIP-positive nerves were found in rat spleens [40] , we also looked for its expression. The co-expression of VIP and TH /DBH in neurons of the thoracic sympathetic chain ganglia of the pig shows, however, that VIP is not a very reliable marker for cholinergic nerves [41] [42] [43] .
Potential roles of periarteriolar catecholaminergic innervation
Synaptic contacts between tyrosine hydroxylase-positive nerve terminals and lymphocytes have been identified in the spleens of mice, rats, cats and dogs [5, 6, [44] [45] [46] [47] [48] and these lymphocytes are hypothesized to be the targets of these nerves [39] . Recently, a similar assumption was made based on the observation that nerves run freely within the human pulpa in close apposition to leukocytes [11] . In line with previous EM studies [16] , we, however, did not encounter such nerves within the splenic pulpa. Although the immune-stain suggested that such free nerve endings existed, double staining with Weigert van Gieson revealed the presence of a vascular adventitia surrounding the nerve ending.
Instead of directly innervating leukocytes, these peripheral extensions may exert a chemotactic function, since stromal cells express the B2 adrenergic receptor and produce the chemokine CXCL13 which together recruit lymphocytes [49] . In support of such a scenario, we found that the perivascular nerve branches were present up to the level of white pulpal central arteries and red pulpal arterioles.
The absence of direct synaptic contacts between nerves and lymphocytes does, however, not rule out noradrenaline signalling to lymphocytes, since some lymphocytes express adrenoreceptors [39] . The spleen has a unique open circulation, in which a reticular connective tissue forms non-endothelial vascular spaces in which lymphocytes move freely, enabling the immunological process of 'homing'. It has been proposed that these minute connective tissue spaces serve as noradrenaline channels that allow paracrine signalling to the adrenoreceptors on immune cells [50, 51] .
A cholinergic phenotype does not necessarily identify vagal nerves in the peripheral autonomic nervous system
The lack of cholinergic nerves in the rodent spleen led previously to the hypothesis that the spleen is innervated indirectly by the vagus nerve via a synapse in the celiac ganglion [3] .
Some authors have claimed retrograde labelling of the dorsal motor nucleus of the vagus nerve in rodents via a supra-and infra-hilar route (i.e. via the tips of the spleen) [13, 52] , but other studies have failed to label vagus nuclei after applying label in splenic tissue at different sides along the hilar axis [9] . We did not encounter nerve cell bodies close to or within the spleen, as is typical for vagus nerve targets. To further address the issue of vagal innervation via the tips of the spleen, we reconstructed the vessels and all nerves in the splenic mesentery and hilum of one cadaver. This reconstruction showed that nerves that entered via the tips of the spleen all arose from the periarteriolar hilar plexus. Another argument for vagal innervation of the spleen via its tips was the lack of staining of these nerves for TH [13, 52] . However, lack of TH staining does necessarily imply a vagal identity.
Vagal nerve fibres and cholinergic phenotype do not necessarily correspond. Cholinergic neurons are not only characteristic for sympathetic preganglionic nerves, but are also often present in the sympathetic postganglionic nerves. The best-known example is the cholinergic innervation of the sweat glands and arrector pili muscles. Furthermore, it was recently proposed that the pelvic splanchnic nerves are best described as having a sympathetic origin [53] , while most of its postganglionic fibres are cholinergic. Similarly, it has been suggested that cholinergic fibres in mouse spleen originate from sympathetic neurons located in the para-and/or prevertebral ganglia [14] . Although these proposals spark much debate, the boundaries between ortho-and parasympathic innervation seem to be blurring. We demonstrated recently, for instance, that a substantial fraction of the nerve fibres within the vagus nerve is catecholaminergic [54] . These catecholaminergic fibres are not found in the intra-cranial part of the vagus nerve, implying that they arise from communicating fibres that originate from the superior cervical, stellate and thoracic ganglia [54] [55] [56] [57] [58] . The possibility that catecholaminergic (or other non-cholinergic, non-vipergic) fibres that travel in the vagus nerve (and will be activated during vagal stimulation) contribute to the innervation of the human spleen is, therefore, an interesting hypothesis. Highlights -The human spleen contains abundant catecholaminergic fibres -There is no evidence for cholinergic innervation of the human spleen -All splenic nerves arise from the splenic plexus surrounding the splenic artery -The nerves run within the adventitia of the intrasplenic arteries and arterioles
